Introduction

19
Soil and groundwater contamination due to the manufacture, use, and disposal of munitions com-20 pounds is a decades-old problem that continues to pose significant ecological and health risks. 1-4 21 As new formulations for insensitive munitions have emerged to replace conventional munitions,
22
concern for future contamination has sparked interest in the environmental degradation pathways for 23 these new energetic compounds. The nitroaromatic compound (NAC) 2,4-dinitroanisole (DNAN), 24 developed as an alternative to 2,4,6-trinitrotoluene (TNT), is of particular interest due to its poten-25 tial toxicity. 5, 6 Similar to other NACs, 3,7-10 DNAN can be reduced to the corresponding aromatic 26 amines 11-14 and transformed photolytically. [15] [16] [17] Interestingly, DNAN can also be hydrolyzed ei-27 ther abiotically at high pH 18, 19 or biologically by DNAN O-demethylase from Nocardioides sp.
28
JS1661 both of which form the same product, 2,4-dinitrophenol (DNP). 20, 21 Therefore, assessing 29 the extent and predominant routes of DNAN degradation will be challenging because the initial 30 products are not only identical, but also transient. 15,22,23 31 Compound-specific stable isotope analysis (CSIA) offers a strategy to distinguish between 32 degradation processes without explicit need to monitor the concentration dynamics, and therefore 33 may be especially useful for assessing DNAN degradation. Indeed, CSIA has proven useful 34 for assessing both the pathways and extents of NAC degradation in contaminated soil. 24, 25 This 35 technique enables one to distinguish among degradation processes of NACs based on characteristic 36 changes in 13 C/ 12 C, 15 N/ 14 N, and 2 H/ 1 H ratios that arise from kinetic isotope effects (KIE) at the 37 reacting bond(s). Observations of this so-called isotope fractionation have also been applied to 38 derive apparent KIEs as a means of elucidating NAC transformation mechanisms and kinetics. [26] [27] [28] [29] [30] [31] [32] [33] [34] 39 CSIA could therefore be useful for identifying possible differences between abiotic and biological 40 DNAN hydrolysis mechanisms.
41
Previous studies have suggested that alkaline hydrolysis of DNAN at high pH is initiated by nu- Interestingly, the structurally similar herbicide dicamba (3,6-dichloro-2-methoxybenzoic acid) also 45 at the aliphatic C of the methoxy group. 35 Further, previously reported enzymatic O-demethylation reactions require O 2 or cofactors, 35, 36 in contrast to enzymatic DNAN hydrolysis. 20 Therefore, the 48 enzymatic hydrolysis of DNAN could potentially occur at the aliphatic C atom of the methoxy 49 group. However, information for testing this mechanistic hypothesis is currently lacking.
50
The goal of this work was to delineate abiotic and biological DNAN hydrolysis reactions by 51 CSIA, thus providing information for a stable-isotope based assessment of DNAN degradation in 52 contaminated environments. We hypothesize that different mechanisms of alkaline and enzymatic 53 hydrolysis will produce distinct isotope fractionation patterns despite the formation of identical 54 transformation products. Moreover, the isotope fractionation associated with DNAN hydrolysis 55 might differ from that expected for reduction as based on results from previous studies on other 56 NACs. To this end, we characterized the C and N isotope fractionation from alkaline and enzy-57 matic hydrolysis for both DNAN and the produced DNP, and derived the corresponding isotope 58 enrichment factors ( C and N ) and apparent kinetic isotope effects ( 13 C-AKIE and 15 N-AKIE).
59
Experiments were carried out in laboratory batch reactors containing homogeneous solutions at 
Materials and Methods
Alkaline and Enzymatic Hydrolysis Experiments
66
The procedure for the alkaline hydrolysis reactions was adapted from a method by Salter-Blanc 67 et al. 19 Briefly, reactions were initiated upon introduction of 200 µL of a DNAN stock solution
68
(50.5 mM in acetonitrile) into amber glass vials containing 20 mL of 50 mM phosphate buffer at 69 pH 12, and were carried out at room temperature. Reactions were quenched at appropriate intervals 
85
Isotopic Analyses
86
Isotopic analyses were conducted according to established procedures for gas chromatography iso-87 tope ratio mass spectrometry (GC-IRMS, details in Section S3). [38] [39] [40] Briefly, for analysis of 13 C/ 12 C 88 and 15 N/ 14 N ratios of DNAN and DNP, the analytes were extracted by solid phase microextraction 89 (SPME) after adjusting the solution pH to 7.2 (DNAN) or pH 2.1 (DNP). To derive C or N isotope 90 enrichment factors ( C and N ) for each reaction, eqs. 1 and 2 below were fit to the measured 91 13 C/ 12 C and 15 N/ 14 N ratios.
where c/c 0 is the fraction of the remaining DNAN, E is the C or N isotope enrichment factor, 93 and δ h E DNAN and δ h E DNP are C and N isotope signature of DNAN and DNP (δ 13 C or δ 15 N).
94
Procedures for the derivation of apparent 13 C and 15 N kinetic isotope effects ( 13 C-and 15 N-AKIEs)
95
as well as the correlation of C and N isotope fractionation (Λ N/C ) are provided in Section S4.2.
96
Results and Discussion
97
Alkaline Hydrolysis
98
Transformation of DNAN by alkaline hydrolysis at pH 12 followed pseudo-first order kinetics fractionation curve would be identical to the C value for alkaline hydrolysis of −6.0 (eq. S7).
142
The N for alkaline hydrolysis determined from DNAN and DNP with eqs. 1 and 2 agree within 143 uncertainty (−2.7 ± 0.4 and −3.6 ± 1.0 , Tables 1 and S2 
Alkaline hydrolysis −6.0 ± 0.5 −2.7 ± 0.4 1.044 ± 0.003 1.0027 ± 0.0004 0.46 ± 0.04
Nocardioides sp. JS1661
Whole cell experiments −2.8 ± 0.1 −2.5 ± 0.1 1.020 ± 0.003 1.0025 ± 0.0001 0.87 ± 0.15 Partially purified enzyme −3.7 ± 0.1 −3.2 ± 0.1 1.027 ± 0.005 1.0032 ± 0.0003 1.06 ± 0.25 a Combination of replicate experiments according to methods of Scott et al. 44 , assumptions for calculations with eq. S6. 13 C-AKIE: n C = 7, x = z = 1; 15 N-AKIE: n = x = z = 1 according to the assumption of a secondary isotope effect, see Section S4.2; b Slope of a linear regression analysis of δ 15 N vs. δ 13 C, uncertainties denote 95% confidence intervals. Table 1 and Figure S6 ). Moreover, Λ N/C also corresponded well with the ratio N / C (0.86 ± 0.04 161 and 0.89 ± 0.05, respectively). Therefore, the differences between the experiments with whole 162 cells and partially purified enzyme were presumably caused by the masking of isotope fractionation (Table 1) . Whereas the 15 N-AKIEs of alkaline and enzymatic DNAN are 167 identical and consistent with reactions that do not involve the aromatic NO 2 groups, the 13 C-AKIEs 168 differ considerably. These differences also result in distinct Λ N/C -values (Table 1) Table S2 ). This 
